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1. INTRODUCTION 
In intercalation materials with transition metals,
which form multiply charged ions, the intercalation
leads to the formation of a covalent complex consist
ing of the inserted metal and the nearest environment
of the host lattice with the electronic spectrum con
taining dispersionless bands below the Fermi level [1,
2]. The energy in these bands is related to the size of
the covalent complex [3]. The heating of the material,
which leads to a thermal smearing of the atomic con
figuration of the covalent complex, provides a strong
temperature dependence of the width of the disper
sionless bands. It was experimentally established that,
in the FexTiSe2 system, there is a correlation between
the specific features of the electronic structure of the
material (the presence of the band of localized states
with a strong temperature dependence of the band
width in the electronic spectrum) and the phase dia
gram [4, 5]; i.e., there is the observed effect of retro
grade solubility. The heating of the material results in
a broadening of the band of localized states, and when
the top of this band crosses with the Fermi level,
metallic iron precipitates to the composition ensuring
the absence of increase in the Fermi energy as a func
tion of the temperature. Since this mechanism, which
was confirmed experimentally in [4, 5], is not related
to the chemical nature of the object, it is obvious that
such effects should be observed whenever the material
exhibits similar features of the electronic structure. An
important feature of the material, which makes it pos
sible to observe the retrograde solubility, lies in the fact
that the band of localized states is close to the Fermi
level so that the top of the band can reach the Fermi
level in a reasonable range of temperatures no higher
than the temperature of thermal dissociation of local
ized states. The analysis of the available data on angle
resolved photoemission spectroscopy of intercalation
compounds of titanium dichalcogenides has demon
strated that this condition is satisfied by the FexTiTe2
system [1]. For the FexTiTe2 system, on the projection
of the Brillouin zone in the direction M'–Γ–M, there
are two dispersionless bands with low binding energies
of –0.03 and –0.30 eV. At the same time, for the
FexTiSe2 system in the same section of the Brillouin
zone, there is only one band with a binding energy of
–0.3 eV [2]. This suggests the existence of the effect of
retrograde solubility for the FexTiTe2 system and gives
an opportunity to investigate the influence of the con
tribution from more than one band on the phase dia
gram. 
The FexTiTe2 system was previously studied using
the isothermal section method at a temperature of
900°C and demonstrated an unusually low iron solu
bility of no more than 25 mol % [5]. This indirectly
indicates the possible existence of the retrograde solu
bility of iron in TiTe2. In the present work, we con
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structed several isothermal sections, which made it
possible to determine the boundary of solubility of
iron in TiTe2. 
2. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE 
The crystals were grown using the standard tech
nique of ampoule synthesis from preliminarily pre
pared powdered titanium telluride TiTe2 and granu
lated carbonyl iron reduced in a hydrogen flow at a
temperature of 750°C. It should be noted that, in the
case of materials with a retrograde solubility, their syn
thesis has ceased to be a trivial task. The point is that,
by choosing a high temperature, we can encounter the
thermodynamic limitations of the solubility, whereas
the solubility at low temperatures is limited by kinetic
difficulties. Therefore, at the first stage, we carried out
the initial synthesis at the highest temperature that
could be withstood by quartz ampoules, i.e., at
1100°C. The idea consisted in using a nonquasi
binarity of intercalation systems, which manifested
itself in the influence of the concentration of the pre
cipitated intercalant on the position of the equilibrium
boundary [6]. In other words, at such a high tempera
ture, iron must necessarily react if not with TiTe2 then
with the vapor of dissociated tellurium over the sur
face. Indeed, this annealing for a week ensured the
absence of large granules of the initial iron, even
though, in many cases, the samples were contami
nated with dispersed particles of metallic iron and iron
tellurides. The samples thus obtained, after careful
grinding and subsequent pressing, were subjected to
homogenizing annealings at specified temperatures
with the aim of constructing isothermal sections of the
region of iron solubility in TiTe2. A total of five isother
mal sections were constructed at temperatures of
1100, 900, 800, 776, and 550°C. The duration of
homogenizing annealing was varied from one week at
high temperatures (1100–800°C) to two weeks at low
temperatures (776–550°C). The homogeneity of the
samples was controlled using the Xray powder dif
fraction analysis (Shimadzu XRD 7000 Maxima dif
fractometer, CuK
α
 radiation, graphite monochroma
tor). The temperature dependences of the magnetic
properties were measured on a Quantum Design
MPMSXL7 EC magnetometer in a constant mag
netic field H = 10 kOe. The measurement error did not
exceed 1%. The rate of change in temperature was
2 K/min. The error in the determination of the tem
perature was less than ±1 K. The electrical conductiv
ity was measured on singlecrystal samples in the
Montgomery geometry [7]. 
The single crystals were grown by the gastransport
reaction method with iodine used as a carrier gas.
Details of this method were described in [8]. 
3. RESULTS AND DISCUSSION 
3.1. Crystal Structure
The performed investigation has revealed that nei
ther the iron ordering nor the associated lowering of
the symmetry are observed over the entire homogene
ity region of the FexTiTe2 compositions prepared at all
temperatures of annealings. The crystal structure of all
the homogeneous samples, as well as the parent com
pound TiTe2, can be described by the space group
. When the iron concentration exceeds the sol
ubility limit, the Xray diffraction patterns contain
lines of metallic iron. The fullprofile analysis of the
Xray diffraction patterns with the GSAS software
package [9] for homogeneous compositions has dem
onstrated that iron atoms are located in the socalled
van der Waals gap and octahedrally coordinated by tel
lurium. 
The concentration dependences of the unit cell
parameters a and c are shown in Fig. 1. It is easy to see
that the dependence can be divided into several parts
with a fundamentally different behavior: an increase in
the unit cell parameter c with increasing concentration
of iron is observed in the iron concentration ranges 0 <
x < 0.1, 0.175 < x < 0.350, and 0.45 < x < 0.65, whereas
in the iron concentration ranges 0.100 < x < 0.175 and
0.35 < x < 0.45, the unit cell parameter c decreases
with an increase in the iron concentration. It should be
noted that, in general, the unit cell parameters
obtained in the present study coincide with the data
reported in earlier papers [6, 10], with the only differ
ence that, in those works, the complex dependence
c(x) was not revealed because of the very large step in
the concentration. 
The cause for the observed decrease in the unit cell
parameter c(x) in the direction perpendicular to the











Fig. 1. Dependences of the unit cell parameters a and c for
the FexTiTe2 compound on the iron content according to
the results obtained for two independent series of samples.
Squares are our data; triangles and asterisks are the data
taken from [6] and [10], respectively. 
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rials is well known: it is the formation of covalent cen
ters due to the hybridization of the M3d/Ti3d states
(where M is the intercalant) [11]. The cause for the
observed increase in the unit cell parameter c(x) can be
either the ionic nature of the intercalant–lattice
chemical bond, as is observed in materials intercalated
with alkali metals [12, 13], or the formation of hybrid
states between the 3d states of the intercalant and the
chalcogen, which is observed in the MnxTiSe2 system
[14]. However, for the FexTiTe2 system, the experi
mental data on resonance photoemission spectros
copy [1] clearly indicate a hybrid nature of the
Fe3d/Ti3d states of the dispersionless bands. This sug
gests that there is a correlation between the concentra
tion dependences of the unit cell parameters and the
specific features of the charge transfer between iron
and the TiTe2 lattice. 
3.2. Magnetic Measurements
As was noted above, the observed increase in the
unit cell parameter c(x) can be associated only with the
filling of the dispersionless bands of the hybrid
Fe3d/Ti3d states and the dependence of the concen
tration of iron–lattice covalent centers on the iron
content. It is obvious that, in this case, the density of
states at the Fermi level should correlate with the con
centration dependences of the lattice parameters. The
density of states at the Fermi level can be obtained
from the temperatureindependent contribution to
the magnetic susceptibility. However, this density of
states cannot be directly obtained because of the pres
ence of magnetic iron atoms: it is determined as one of
the parameters used for the optimization of the tem
perature dependence of the magnetic susceptibility by
varying the concentrations of the intercalated iron. 
The experimental temperature dependences of the
magnetic susceptibility of the FexTiTe2 samples are
shown in Fig. 2. At low temperatures (T < 50 K), these
dependences exhibit a characteristic behavior of the
spinglass or clusterglass state, which was observed
previously in [15] (see inset in Fig. 3). The tempera
ture of bifurcation (divergence) of the ZFC and FC
curves in the temperature dependence of the magnetic
susceptibility in the case of the spinglass state corre
sponds to the blocking temperature of the magnetic
moments TBl. The concentration dependence of the
blocking temperature of the magnetic moments TBl of
the FexTiTe2 system is shown in Fig. 3. As can be seen,
this temperature increases with an increase in the iron
concentration and reaches 20 K. At temperatures
above T ~ 50 K, the magnetic susceptibility χ is
approximated by the Curie–Weiss law χ = χ0 + ,
where C is the Curie constant, from which the effective
magnetic moment μeff can be calculated; T is the tem
perature; Θ is the paramagnetic Curie temperature;
and χ0 is the temperatureindependent contribution,
which combines the Pauli paramagnetic contribution
of free electrons and the diamagnetic contribution of
the filled shells. Since the diamagnetic contribution is
significantly less than the Pauli paramagnetic contri
bution and, moreover, is ensured predominantly by the
filled shells of the lattice atoms (the fraction of the iron
atoms does not exceed 15% of the total number of
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Fig. 2. Temperature dependences of the magnetic suscep
tibility of the FexTiTe2 samples (the iron content x is indi
cated near the curves). Solid lines show the approximation
by the Curie–Weiss law. 

























Fig. 3. Concentration dependence of the blocking temper
ature of the magnetic moments for the FexTiTe2 system
according to (1) data of this work and (2) data taken from
[12]. The inset shows the temperature dependence of the
magnetic susceptibility in the magnetic field H = 10 kOe
for the Fe0.4TiTe2 sample during heating (cooling without
field, ZFC) and the subsequent cooling in the magnetic
field (FC). The direction of the process is shown by arrows. 
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The concentration dependences of the parameters
of the approximation of the experimental depen
dences χ(T) for different iron concentrations are
shown in Fig. 4. The effective magnetic moment μeff is
almost independent of the iron concentration. This is
rather strange if we consider the correlation observed
for all the intercalation compounds of titanium
dichalcogenides between the behavior of the lattice
parameter c(x), which reflects the degree of hybridiza
tion of the Ti3d states with the 3d states of the interca
lated metal, and the effective magnetic moment μeff
[16]. The barely noticeable maximum of the effective
magnetic moment μeff near the iron concentration x ~
0.1 coincides, however, with the maximum in the
curve of the concentration dependence of the lattice
parameter c(x), but this is the only coincidence. It
seems likely that, over the entire iron solubility region,
the material is on the verge of stability of covalent
complexes, which ensures minor changes in the effec
tive magnetic moment μeff. The paramagnetic Curie
temperature Θ is almost independent of the iron con
centration in the temperature range significantly
above the temperature of transition to the spinglass or
clusterglass state in the region x < 0.3. Most likely, this
indicates a weakness of the magnetic interaction in the
subsystem of the intercalant. At a higher iron concen
tration, the paramagnetic Curie temperature is
observed to increase, which suggests an enhancement
of the interaction in the iron sublattice. The negative
sign indicates that the antiferromagnetic interactions
dominate in the iron sublattice, which is well consis
tent with the behavior of the magnetic susceptibility
near the blocking temperature of the magnetic
moments (Fig. 4). 
The concentration dependence of the tempera
tureindependent contribution χ0 demonstrates a cor
relation with the behavior of the concentration depen
dence of the lattice parameter c(x): the value of χ0
increases in the range of the increasing dependence
c(x), and it either does not increase (for x = 0.10–
0.25) or decreases in the range of the decreasing
dependence c(x). This behavior seems to be natural if
the temperatureindependent contribution χ0 is
related to the contribution of free electrons. Actually,
as was shown in [17], the hybridization of the Ti3d
states with the states of the intercalated metal leads to
a “switching” of titanium states from the conduction
band into the band (or bands) of hybrid states lying
below the Fermi level. Therefore, the formation of
covalent complexes should decrease the density of
states of the conduction band. The increase in the
temperatureindependent contribution χ0 can also be
associated with the fact that the iron states or hybrid
Fe3d/Ti3d states appear to be directly at the Fermi
level, which can be caused by the dependence of the
width of the bands of hybrid states on the iron concen
tration. This dependence was discussed in [16], where
it was shown that the attainment of percolation
thresholds in the sublattice of covalent complexes and
in the sublattice of the intercalant affects the width of
the bands of the corresponding states. Moreover, it was
assumed that each sublattice generates only one band.
The presence of two bands of localized states in the
FexTiTe2 system can induce a similar effect with the
participation of each of the bands. Therefore, we can
expect the presence of two minima in the dependence
c(x), which is actually observed in the experiment. 
3.3. Electronic Properties
The results of measurements of the electrical resis
tivity and Hall coefficient are presented in Figs. 5–7.
It is worth noting that the Hall coefficient has a posi
tive sign over the entire concentration and tempera
ture ranges, as in the case of the parent compound
TiTe2 [18]. This indicates that the dominant hole car
riers retain their position despite the intercalation of
the metal and the formally donor doping. This situa
tion becomes possible in the case where the transfer of
intercalant electrons occurs not into the conduction
band of the host lattice, but into the band of hybrid
states, which is observed in angleresolved photoemis
sion spectroscopy. At the same time, the temperature
dependence of the Hall coefficient RH of the FexTiTe2
single crystals radically changes as compared to TiTe2.
The inflection attributed to the competition of the
contributions from different parts of the Fermi surface
disappears in this dependence, and it acquires a
monotonic behavior. Such a transformation becomes
possible if there appears a dominant type of charge
4
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Fig. 4. Results of the approximation of the temperature
dependence of the magnetic susceptibility for the FexTiTe2
system (Fig. 2) according to the Curie–Weiss law: (a) the
temperatureindependent contribution to the magnetic
susceptibility χ0, (b) the paramagnetic Curie temperature
Θ, and (c) the effective magnetic moment μeff of the Fe
2+
ions. 
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carriers. Obviously, this situation can arise as a result of
the depletion of the conduction band due to the cap
ture of electrons into the band of hybrid states, so that
holes in the valence band are in the dominant position. 
At low temperatures, which correspond to the state
of magnetic ordering, the Hall constant demonstrates
the field and temperature dependences that are char
acteristic of the anomalous Hall effect (see Fig. 5 and
inset to it). In the temperature range T > TBl, the
behavior of the Hall constant is characteristic of con
ventional metals. This is consistent with the assump
tion that the charge carriers have an itinerant nature. 
The temperature dependences of the electrical
resistivity (Fig. 6) have a characteristic shape for met
als over the entire concentration range; however, the
slope of these dependences is relatively small. This can
be associated with the presence of several types of
charge carriers with different mobilities in the single
crystal. The concentration dependence of the electri
cal resistivity (Fig. 7) exhibits a maximum for the same
0






























Fig. 5. Temperature dependences of the Hall coefficient of
the FexTiTe2 single crystals. The inset shows the field
dependences of the Hall coefficient. The iron content is
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Fig. 6. Temperature dependences of the electrical resistiv
ity of the FexTiTe2 single crystals along the basal plane. The
iron content is indicated near the curves. 























Fig. 7. Concentration dependences of the electrical resis
tivity of the FexTiTe2 single crystals measured at 100 K.
The inset shows the field dependences of the electrical











Fig. 8. Concentration dependences of the Hall coefficient
measured at temperatures of 100 and 300 K. 
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composition as for the Hall constant (Fig. 8). It seems
likely that this region of concentrations is character
ized by a decrease in the concentration of dominant
carriers. The strong temperature dependence of the
Hall coefficient near the composition with x = 0.25
indicates the electron exchange between the localized
electrons of the band of hybrid states and the extended
states at the Fermi level. It should be noted that, at the
same composition, the lattice parameter c has a mini
mum, which corresponds to the maximum concentra
tion of covalent complexes responsible for the forma
tion of the band of hybrid states. It is evident that the
concentration of conduction electrons at this compo
sition should also have a minimum value. This expla
nation is confirmed by the fact that the Pauli contribu
tion to the magnetic susceptibility also passes through
a maximum in the vicinity of this composition (Fig. 4).
Since the highest density of states is associated with
the band of hybrid states, the aforementioned fact sug
gests that, at this composition, the concentration of
localization centers has a maximum value. 
The magnetoresistance (see inset in Fig. 7) has a
negative sign, as has been observed in many materials
intercalated with transition metals that provide spin
polarization of the hybrid M3d/Ti3d states [15, 19].
Since the temperature dependences of the magnetore
sistance do not respond to magnetic phase transitions,
it seems logical to relate this quantity to the influence
of the spin polarization of hybrid states. This suggests
that the two observed dispersionless bands can be
formed as a result of the spin polarization of the
Fe3d/Ti3d states. 
Thus, the kinetic data have demonstrated that the
most probable mechanism of influence of the hybrid
ization of the Fe3d/Ti3d states on the electrical prop
erties of the system is the electron exchange between
the band of these states and the bands containing free
charge carriers. 
3.4. Phase Diagram 
The Fe/FexTiTe2 equilibrium boundary is shown in
Fig. 9. It is clearly seen that this boundary can be
divided into two sections corresponding to tempera
tures below and above 770°C. In the lowtemperature
region, the solubility of iron, as usual, increases with
an increase in the temperature, whereas in the high
temperature region, the effect of retrograde solubility
takes place. This type of phase diagram exactly corre
sponds to the scheme of phase diagrams of the materi
als with localized states below the Fermi level [4] (see
inset in Fig. 9). According to the scheme proposed in
[4], the lowtemperature part corresponds to the pres
ence of a gap between the top of the band (or bands) of
localized states and the Fermi level. The point of inter
section of the parts corresponds to the crossing of the
top of these bands with the Fermi level. The concave
shape of the solubility boundary reflects a decreasing
contribution of the localized states with a decrease in
the concentration of the dissolved iron. 
A similar phase diagram was obtained for the Fe–
FexTiSe2 system [5]. However, this diagram contained
the hightemperature boundary of the stability region
of the (Fe + FexTiSe2) phase mixture but had no region
of normal solubility. Apparently, this corresponds to
the hightemperature part of the schematic phase dia
gram, whereas the phase diagram of the Fe–FexTiTe2
system corresponds to the lowtemperature part of the
schematic diagram. This can be explained by the
stronger interaction between the TiTe2 layers as com
pared to TiSe2, which leads to a higher stability of
covalent complexes in the FexTiTe2 system as com
pared to the FexTiSe2 system. In actual fact, if the posi
tion of the solubility boundary is determined by the
thermal broadening of the band of localized states, the
increase in the elasticity of the lattice should slow
down this process and thereby stabilize the covalent
complexes. A higher elasticity of TiTe2 as compared to
TiSe2 is indicated by a lower compressibility of TiTe2
[20]. Experimentally, this is manifested in the observed
difference between the dislocation structures [21]: the
concentration of dislocations in TiTe2 is significantly
lower than that in TiSe2. 
It seems likely that the role of elasticity of the lat
tice can also manifest itself in the shape of the solubil
ity boundary. Indeed, as was shown in [22], the inter
calation, which leads to a compression of the lattice in
the direction along the normal to the basal plane,
causes an increase of the Debye temperature and,

















Fig. 9. Temperature dependence of the limiting solubility
of iron in TiTe2: (1) singlephase state of FexTiTe2 and
(2) mixture of the phases Fe + FexTiTe2. The inset shows
the schematic phase diagram of materials with the more
than halffilled impurity band of localized states below the
Fermi level, which was proposed in [4]. 
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Therefore, the extraction of iron, which in general
ensures an increase in the lattice parameter c, should
decrease the elasticity of the lattice. However, on the
other hand, as was noted above, this should lead to a
decrease in the thermal stability of covalent centers
and, consequently, should accelerate their degradation
during heating. These factors will provide a concave
shape of the solubility boundary, which is actually
observed in the experiment. Probably, the effect man
ifests itself in the case where the change in the elastic
ity is large enough. When this is not the case, the solu
bility boundary can also have a convex shape, as was
observed in the Fe–FexTiSe2 system. 
Thus, we can conclude that the form of the phase
diagram of an intercalation material that has localized
states at the Fermi level depends both on the binding
energy of the bands of localized states and on the elas
ticity of the host lattice, which determines the dynam
ics of thermal expansion. When the temperature range
is chosen above the stability boundary of the retro
grade solubility region or below the temperature of ret
rograde solubility, the phase diagram has the same
form as in the case of classical diagrams of solid solu
tions. Apparently, this is also true for the Fe–FexTiS2
system: the TiS2 lattice has even a lower elasticity than
the TiSe2 lattice [20], which, probably, leads to the fact
that the region of the temperature range under investi
gation lies above the hightemperature boundary of
the retrograde solubility region. 
4. CONCLUSIONS 
The performed investigation of the phase diagram
and the structure of the FexTiTe2 system allows us to
conclude that the classical approaches, which take
into account only the interaction of atoms with the
averaged medium of the solvent, do not explain the
observed shape of both the boundary of solubility of
iron in FexTiTe2 and the complex concentration
dependences of the lattice parameters. For an ade
quate description of these dependences, it is necessary
to take into account the partial contribution of the
electronic subsystem. Using this approach and taking
into account the experimental data on the spectrum of
electronic states in the FexTiTe2 system, we can explain
(at least qualitatively) the presence of two minima in
the concentration dependence of the lattice parameter
c, as well as the temperature of the maximum solubility
of iron. The general view of the phase diagram of the
FexTiTe2 system corresponds to the general scheme of
the phase diagrams accounting for the electronic con
tribution to the thermodynamic functions of the mate
rial [4]. A comparison with the phase diagram of the
FexTiSe2 system makes it possible to elucidate the
influence of the elasticity of the host lattice on the
position of the solubility boundary of the intercalant:
the higher is the elasticity of the lattice, the lower tem
perature is the part of the generalized phase diagram of
the material containing near the Fermi level the bands
of localized states with a strong temperature depen
dence of the band width which corresponds to the
experimental phase diagram. 
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